Introduction: Emerging evidence indicates associations between extra-central nervous system (CNS) bacterial infections and an increased risk for dementia; however, epidemiological evidence is still very limited. Methods: This study involved a retrospective cohort of a national sample of US veterans (N 5 417,172) aged 56 years. Extended Cox proportional hazard models adjusted for demographic characteristics and medical and psychiatric comorbidities determined the associations between systemic and localized extra-CNS bacterial infections occurring .2 years before the initial dementia diagnosis and the risk for dementia.
Introduction
Dementia is a chronic degenerative disorder that is characterized by progressive global cognitive dysfunction. Emerging evidence from animal models indicates associations between extra-central nervous system (CNS) inflammatory events such as extra-CNS bacterial infections and the neuropathogenesis of dementia syndromes. For example, systemic inflammation-induced by extra-CNS injection of bacterial lipopolysaccharide-has been found to induce, potentiate, and exacerbate the development and propagation of dementia neuropathology in the brain of transgenic mice [1] [2] [3] [4] . Moreover, experiments also indicate that extra-CNS inflammatory events can induce various cognitive decrements including impaired memory [4] [5] [6] , attention [7, 8] , and executive functioning [8] . These findings suggest that extra-CNS bacterial infections could trigger, exacerbate, and potentiate the development and spread of dementia neuropathology, cause cognitive impairments, and possibly increase the risk for dementia among humans.
Indeed, emerging epidemiological research has linked extra-CNS bacterial infections to an increased risk for subsequent dementia among humans. For example, history of two or more extra-CNS infections was associated with a significantly increased risk for dementia among individuals aged 84 years or older [9] , whereas collectively, previous hospitalization for cellulitis, urinary tract infections (UTIs), septicemia, and bacteremia was associated with a significantly increased risk for dementia in a community-based cohort [10] .
Epidemiological evidence also shows significant associations between severe or systemic extra-CNS bacterial infections and increased risk for both cognitive impairments and dementia in humans. For example, sepsis significantly increased the risk for long-term cognitive moderate-severe cognitive impairments up to 8 years after the infection [11] . In addition, sepsis significantly increased risk for dementia among intensive care recipients after discharge (hazard ratio [HR] 5 1.40 [95% confidence interval {CI} 5 1.28-1.53]) [12] .
Hospitalization for pneumonia has also been associated with a significantly increased risk for subsequent dementia [10, 13] , as has chronic osteomyelitis that was demonstrated in a retrospective cohort study involving 17,238 newly diagnosed patients and 68,944 age-and gender-matched controls (relative risk 5 1.6 [95% CI 5 1.4-1.83]) [14] .
Nevertheless, the epidemiological evidence for the association between extra-CNS bacterial infections during adulthood and the risk of dementia is still very limited; thus, further investigation is required. Moreover, the independent associations between less severe localized (e.g., cellulitis and UTIs) and other outpatient extra-CNS bacterial infections on the risk for dementia remain undetermined. Prior research also lacked sufficient adjustment for psychiatric comorbidities such as posttraumatic stress disorder, depression, and psychotic disorders (e.g., bipolar disorder) that have been associated with the risk for infections [15] [16] [17] and dementia [18] [19] [20] [21] . Thus, the purpose of this study was to conduct a comprehensive assessment of the associations between several systemic and localized extra-CNS bacterial infections including septicemia, bacteremia, pneumonia, osteomyelitis, septic arthritis, cellulitis, and UTIs and the risk for developing dementia in a national sample of United States (US) veterans with adjustment for demographic characteristics and medical and psychiatric comorbidities.
Methods

Study design and population
The study used a retrospective cohort study design. The sample population that comprised 3,139,780 veterans aged 56 years and older during fiscal year (FY) 2003 enrolled and receiving health care at any Veterans Health Administration (VHA) care facility in the US veterans were excluded (Fig. 1 ) if 1) they died or had clinical encounters containing International Classification of Diseases-9th edition (ICD-9) diagnosis codes for dementia or mild cognitive impairment during the baseline observation period (i.e., from October 01, 2002 through September 31, 2004); 2) had less than one VHA encounter every 2 years during the follow-up period (FY 2004-2012); and 3) had an ICD-9 code (Appendix A, 
Data sources
Data were derived from the VHA national repository of databases including 1) the Patient Treatment File (PTF) Bed Section Files and 2) the Outpatient Care Files (OCF). The PTF Bed Section Files identify all VHA inpatient admissions and include data elements such as demographic characteristics and principal and secondary ICD-9 diagnoses. The OCF database contains data including demographic characteristics and principal and secondary ICD-9 diagnoses for each outpatient encounter at all VHA facilities. Unique identifiers allowed the linkage of the individual databases to create a comprehensive longitudinal medical record for each subject's health and health-care utilization.
Diagnosis of extra-CNS bacterial infections
Systemic and localized extra-CNS bacterial infections of interest included septicemia, bacteremia, pneumonia, osteomyelitis, septic arthritis, UTI, and cellulitis and were diagnosed using ICD-9 diagnosis codes [22, 23] (Appendix A, Table A .2) in the PTF Bed Section Files and OCF. All participants with ICD-9 diagnosis codes for the extra-CNS bacterial infections of interest either as primary or as secondary diagnosis during the follow-up period were classified as having an extra-CNS bacterial infection. To account for the association between preclinical (or the delayed diagnostic recording of) dementia and the increased risk of certain extra-CNS bacterial infections, only infections occurring .2 years before the date of the first dementia diagnosis were considered among participants with a diagnosis of dementia. Controls were participants without a diagnosis of an extra-CNS bacterial infection during the study period.
Follow-up and censoring
We collected data from the veterans' medical records until a code for dementia was identified in the medical record or until they were censored. Veterans were considered censored if they 1) did not develop dementia by the end of the 9-year follow-up period, 2) ceased to have any contact with a VHA facility during the follow-up period, or 3) died during the follow-up period.
Dementia diagnosis
The diagnosis of dementia was determined from the PTF Bed Section Files and OCF using ICD-9 diagnosis codes for dementias based on the previous studies [18, 19] 
Measurement of other covariates and potential confounders
Data on potential confounders were extracted from the PTF and OCF and included demographic characteristics (i.e., age, gender, race/ethnicity, and annual income), medical comorbidity (i.e., traumatic brain injury, hypertension, ischemic heart disease, cerebrovascular disease, atherosclerosis, diabetes mellitus, hyperlipidemia, chronic obstructive pulmonary disease, chronic kidney disease, chronic liver disease, and peptic ulcer disease/gastritis), and psychiatric comorbidity (i.e., posttraumatic stress disorder [PTSD], major depression, schizophrenia, bipolar disorder, anxiety disorder, and alcohol, tobacco, and illicit substance abuse). Medical and psychiatric comorbidities were diagnosed using ICD-9 codes (Appendix A, Table A .3).
Statistical analysis
Data were analyzed quantitatively using SASÒ software, version 9.3, and alpha was set at 0.05. Mann-Whitney U 3,139,780 veterans aged 56 years or older during FY2003 1,181,278 excluded veterans with ICD-9-CM diagnosis codes for the following condi ons at any me during FY2003-12:- (after assessment for normality) or chi-square test determined whether veterans with a diagnosis of an extra-CNS bacterial infection and the controls differed in terms of the continuous and categorical baseline covariates, respectively. Extended Cox proportional hazards models with age as the time scale and extra-CNS bacterial infections as timedependent covariates were used to determine whether the extra-CNS bacterial infections of interest were associated with the risk of developing dementia. The analysis was conducted in several steps. First, we assessed for potential collinearity among the medical and psychiatric covariates using phi coefficients and excluded one covariate from each pair of moderate strongly positively correlated comorbidities (ɸ 0.2) based on relevance in extant literature and/ or clinical experience. Thus, medical and psychiatric covariates included in our adjustments were traumatic brain injury, hypertension, ischemic heart disease, cerebrovascular disease, atherosclerosis, diabetes mellitus, chronic obstructive pulmonary disease, chronic kidney disease, chronic liver disease, peptic ulcer disease/gastritis, bipolar disorder, PTSD, schizophrenia, and alcohol abuse.
Second, we determined the overall association between any extra-CNS bacterial infection and the risk for dementia in unadjusted and models adjusted for demographic characteristics and medical and psychiatric comorbidities.
Third, we considered each extra-CNS bacterial infection of interest as an independent risk factor for dementia and assessed the association between each particular extra-CNS bacterial infection of interest with the risk for dementia in unadjusted and models including adjustments for demographic characteristics and medical and psychiatric comorbidities.
Results
The average age of the participants at baseline was 67.7 (68.1) years, and mean follow-up duration for all participants was 9.03 (61.1) years. Most participants (97.9%) were male and 82% were white.
Of the 417,172 veterans in the final sample, 87,400 (21%) veterans had a diagnosis of at least one extra-CNS bacterial infection during the study period. Table 1 summary of baseline characteristics of the veterans with and without a diagnosis of an extra-CNS bacterial infection during the study period. The most commonly diagnosed infection was UTI, whereas septic arthritis was least frequent ( Table 2) . Compared with the controls, veterans with a diagnosis of at least one extra-CNS bacterial infection during the study period were significantly younger (mean age 66 vs 68 years, P , .001) and were significantly (P , .001) more likely to have diagnoses of most of the medical and psychiatric comorbidities known to be associated with the risk for dementia including hypertension, diabetes mellitus, cerebral vascular disease, atherosclerosis, chronic obstructive pulmonary disease, peptic ulcer disease, depression, bipolar disorder, alcohol abuse, tobacco use, and illicit drug abuse at baseline.
provides a
By our surveillance methods, 25,639 (6.15%) veterans developed dementia during the follow-up period. In unadjusted cox proportional hazard model, a diagnosis of at least one extra-CNS bacterial infection was associated with a significantly increased risk for dementia (HR 5 1.50 [95% CI 5 1.45-1.55]), which remained significant after adjustment for demographic characteristics and medical and psychiatric comorbidities (HR 5 1.20 [95% CI 5 1.16-1.24]) ( Table 3) .
In unadjusted analyses, all extra-CNS bacterial infections of interest were each individually associated with an increased risk for dementia (Table 3 ). However, after adjustment for demographic characteristics and medical and psychiatric comorbidities, septicemia (HR 5 1.39 [95% CI 5 1.16-1.66]), bacteremia (HR 5 1.22 [95% CI 5 1.0-1.49]), pneumonia (HR 5 1.10 [95% CI 5 1.02-1.19]), osteomyelitis (HR 5 1.20 [95% CI 5 1.06-1.37]), UTI (HR 5 1.13 [95% CI 5 1.08-1.18]), and cellulitis (HR 5 1.14 [95% CI 5 1.09-1.20]) were each found to be separately associated with a statistically significant increased risk for dementia (Table 3 ). Although septic arthritis was associated with an increased risk for dementia, this result was not statistically significant (HR 5 1.04 [95% CI 5 0.78-1.39]).
We used subcohorts of individuals whose first infection was or included UTI or cellulitis and the controls to conduct several sensitivity analyses. First, we determined the impact of other concurrent or subsequent extra-CNS bacterial infections on the UTI and cellulitis associated risk for dementia, separately. Results showed both UTI and cellulitis significantly increased the risk for dementia even after adjustment for potential confounders and other concurrent or subsequent extra-CNS bacterial infections, HR 5 1.51 (95% CI 5 1.44-1.60) and HR 5 1.28 (95% CI 5 1.21-1.34), respectively.
Second, we determined the associations between recurrent UTIs and cellulitis with the risk for dementia. Infections were considered recurrent if they occurred .60 days after the previous infection. After adjustment for potential confounders, results showed that the risk for dementia increased significantly with both increasing number of UTI and cellulitis episodes, HR 5 1.18 (95% CI 5 1.16-1.20) and HR 5 1.03 (95% CI 5 1.01-1.06), respectively.
Discussion and limitations
The purpose of this study was to determine the associations between systemic and localized extra-CNS bacterial infections, that is, septicemia, bacteremia, pneumonia, osteomyelitis, septic arthritis, cellulitis, and UTI with risk of developing dementia in a large nationally representative sample of US veterans aged 56 years and older. Results showed statistically significant joint and separate associations between extra-CNS bacterial infections including septicemia, bacteremia, pneumonia, osteomyelitis, cellulitis, and UTI, with the risk for developing dementia after adjusting for demographic characteristics and medical and psychiatric comorbidities. These results were consistent with prior studies. For example, Shah et al. [13] and Tate et al. [10] found a significant association between hospitalization for pneumonia and an increased risk for subsequent dementia, whereas Tseng et al. [14] found a significant association between a diagnosis of chronic osteomyelitis and an increased risk for dementia. To our knowledge, our study is the first study to assess the independent impacts of UTI, cellulitis, and septic arthritis and on the risk for dementia. Results showed significant associations between UTI and cellulitis with the risk for dementia even after adjustment for other concurrent or subsequent more severe extra-CNS bacterial infections. Although septic arthritis was associated with an increased risk for dementia, this result was not statistically significant after adjustment for potential confounders possibly because of the low prevalence of septic arthritis in our sample.
Mechanisms of the association between infections and the risk for dementia
The association between severe extra-CNS bacterial infections or sepsis and acute cognitive dysfunction (i.e., sepsis associated encephalopathy or delirium) is well established. Sepsis has been associated with various detrimental central nervous system effects including decreased metabolism [24] , oxidative stress [25] , and impaired microcirculation [26] , all of which are capable of causing permanent neuronal dysfunction and degeneration that might manifest as chronic cognitive deficits or dementia. Indeed, sepsis has been associated with an increased risk of long-term cognitive dysfunction [11] and dementia [12] , and our results examining the associations between sepsis and the risk for dementia were consistent with prior research.
Alternatively, sepsis and other extra-CNS bacterial infections might be associated with dementia neuropathogenesis because of the effects of extra-CNS inflammatory events on the CNS. Extra-CNS bacterial infections have been associated with significant inflammation [27] and significantly increased levels of circulating pro-inflammatory cytokines such as interleukin (IL)-1b, IL-6, and tumor necrosis factor (TNF)-a [27, 28] . Evidence indicates that circulating extra-CNS generated cytokines can activate CNS astrocytes and microglia [29, 30] , which in turn can cause neuronal death and injury through various mechanisms including release of nitric oxide and reactive oxygen species, activation of the complement cascade, and neglect of essential neuroprotective roles [30] [31] [32] [33] [34] . In addition, circulating extra-CNS generated pro-inflammatory cytokines have been linked to blood-brain barrier disruption [35, 36] , which can also cause neuronal injury, apoptosis [37] , and dementia [38] . Furthermore, both activated CNS microglia and astrocytes and damaged or necrotic neurons release various chemokines and cytokines directly into the CNS, which cause further neuronal injury, and the recruitment and activation of additional astrocytes and microglia [39, 40] , thus exacerbating the extra-CNS inflammation-induced neurotoxicity. These findings suggest that extra-CNS bacterial infections could result in a selfsustaining cycle of progressive neurodegeneration and, possibly, dementia [41] .
Evidence also indicates that extra-CNS bacterial infections can directly induce neuronal destruction and apoptosis in the absence of inflammatory cytokine-mediated effects.
For example, Murray et al. [42] found that peripherally injected bacterial liposaccharide directly stimulated CNS endothelium and primed microglia despite effective blockage of systemic cytokine synthesis. Thus, extra-CNS bacterial infections-either directly or indirectly through effects of systemic inflammation on the brain and blood brain barrier-pose risks for permanent and progressive neuronal dysfunction and degeneration that might manifest as chronic cognitive dysfunction or dementia.
However, because dementia neuropathology is likely to develop over several decades [43, 44] , an alternative mechanism for the associations between extra-CNS bacterial infections and the risk for dementia exits. For example, it could be that extra-CNS infections during late adulthood exacerbate the development and spread of underlying CNS neuropathology because of infections earlier in life or other causes. Evidence from animal models indicates minimal activation of CNS astrocytes and microglia after initial stimulation by extra-CNS inflammatory events [45] ; however, subsequent stimulation of previously exposed or primed astrocytes and microglia results in a markedly exaggerated inflammatory response [45, 46] . Moreover, Njie et al. [47] found microglia derived from aged animals secrete significantly greater amounts of pro-inflammatory cytokines IL-6 and TNF-a in response to stimulation compared with those from young animals. Henry et al. [48] also reported exaggerated cytokine production in aged microglia, whereas Damani et al. [49] found aged microglia to be associated with a more sustained inflammatory responses. Indeed, systemic inflammation has been found to exacerbate and potentiate the propagation of underlying dementia neuropathology in the brains of transgenic mice [10] [11] [12] [13] .
Our results showed significant combined and separate associations between both systemic and localized extra-CNS bacterial infections and an increased risk for dementia. Moreover, the association between extra-CNS bacterial infections and the risk for dementia was stronger for severe or systemic compared with the less severe or localized extra-CNS bacterial infections. Also, the risk for dementia increased significantly with increasing number of UTIs and cellulitis episodes. Taken together, these findings could indicate a dose-response type of association. However, further studies are required to elucidate the exact mechanisms for the associations between extra-CNS bacterial infections and dementia pathogenesis.
Strengths and limitations
Our study has several limitations. First, we did not adjust for nonbacterial extra-CNS infections such as viral and fungal infections, which might also result in systemic inflammation. Nevertheless, bacterial infections have been found to induce a more robust systemic inflammatory response as evidenced by significantly higher serum concentrations of cytokines including IL-1Ra, IL-2, IL-6, and TNF-a compared with viral infections [37] , and we adjusted for many potential confounders and effect modifiers including psychiatric comorbidity not accounted for in the previous analyses.
Second, we used ICD-9 codes for diagnosis of the primary exposures, outcomes, and medical and psychiatric comorbidities, and this could result in possible misclassification bias in our analyses. However, the agreement between inpatient diagnoses abstracted from the VHA administrative files using ICD-9 codes and written medical records for various medical conditions (including most of our variables of interest) has been estimated at 98.3% [50] . Positive predictive values associated with ICD-9 codes in detecting clinical bacterial infections in the VHA database range from 70% for pneumonia and cellulitis to 95% for osteomyelitis [22] .
Third, our sample was mainly white and male and because veterans can elect to use services other than the VHA for primary health care and the fact that our sample was restricted largely to regular users of the VHA, our findings might not be generalizable to females, non-whites, all military veterans, or nonmilitary populations. In addition, it is possible that certain infections were diagnosed outside the VHA and not included in our analysis. Nevertheless, our sample was largely restricted to regular VHA system users and included both in and outpatient data to capture most infections in the sample.
Strengths of this study include the retrospective cohort study design, very large sample size, adjustment for multiple potential confounders, and time-dependent analysis for the effect of infections. In addition, because the VHA maintains electronic records on veterans across the country, we believe our study is largely representative of the overall veteran population.
Conclusions
In conclusion, systemic and localized extra-CNS bacterial infections are collectively and independently associated with an increased risk of developing dementia among older US veterans. Thus, prevention of extra-CNS bacterial infections could positively influence the risk for developing dementia among older adults. Further basic and epidemiological research in different populations is recommended to elucidate the mechanisms and associations between systemic bacterial infections and the risk for dementia.
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RESEARCH IN CONTEXT
1. Systematic review: We searched PubMed, Web of Science, and EBSCO databases. Emerging experimental and epidemiological evidence suggests an association between extra-central nervous system (CNS) bacterial infections and the risk for dementia. However, the epidemiological evidence is still very limited and requires further investigation. Moreover, the independent associations between urinary tract infections, cellulitis, and septic arthritis with the risk for dementia remain undetermined.
2.
Interpretation: Systemic and localized extra-CNS bacterial infections are jointly and independently associated with an increased risk for developing dementia. The association was stronger for severe or systemic compared with the less severe or localized extra-CNS bacterial infections, which could indicate a dose-response type of association.
Future directions:
Prevention of extra-CNS bacterial infections could influence the risk for developing dementia among older adults. Further basic and epidemiological research in different populations is recommended to elucidate the mechanisms and associations between extra-CNS bacterial infections and the risk for dementia.
